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ABSTRACT 
Resonant X-ray scattering has been widely employed for exploring complex electronic 
ordering phenomena, like charge, spin, and orbital order, in particular in strongly correlated 
electronic systems. In addition, recent developments of pump–probe X-ray scattering allow us to 
expand the investigation of the temporal dynamics of such orders. Here, we introduce a new time-
resolved Resonant Soft X-ray Scattering (tr-RSXS) endstation developed at the Pohang 
Accelerator Laboratory X-ray Free Electron Laser (PAL-XFEL). This endstation has an optical 
laser (wavelength of 800 nm plus harmonics) as the pump source. Based on the commissioning 
results, the tr-RSXS at PAL-XFEL can deliver a soft X-ray probe (400–1300 eV) with a time 
resolution ~100 fs without jitter correction. As an example, the temporal dynamics of a charge 
density wave on a high-temperature cuprate superconductor is demonstrated. 
I. INTRODUCTION 
In general, X-rays can be used in three main ways: spectroscopy, scattering, and imaging. 
Some methods, such as tomography, photoelectron microscopy, and coherent diffraction imaging, 
combine two or more of these techniques. When the X-ray photon energy (Eph) is tuned at the 
atomic absorption edge, the electrons in the core level are excited to the unoccupied (valence) 
2 
 
states near the Fermi level, i.e., having resonant process. Because resonance as function of Eph 
gives the footprint of the unoccupied states, which are sensitive to all configurations of degrees of 
freedom such as charge, spin, and orbital state of atomic sites,1 this process is utilized in resonant 
X-ray techniques. Thus, using scattering at absorption edges enhances the contrast between sites 
and can unveil hidden periodicity, so that resonant X-ray scattering can be used to investigate 
electronic and spatial properties through spectroscopy and scattering ingenuity and has been a 
unique probe of charge, spin, and orbital order.2 Since these degrees of freedom are important 
aspects of strongly correlated electronics systems and magnetic materials,3,4 this approach can 
indeed contribute useful data to improve our fundamental understanding of such materials.  
The energy range of soft X-rays (SX) (~102 < Eph < ~10
3 eV) is appropriate for research 
on materials that consist of light elements (B, C, N, and O), 3d transition metals, and 4f rare-earth 
elements. Thus, SX have been widely employed in spectroscopy. Despite their limitations 
compared to hard X-rays (Eph > ~4 keV), such as longer wavelength and shorter penetration depth, 
resonant X-ray scattering has been demonstrated with SX.5 Currently, resonant soft X-ray 
scattering (RSXS) is an important technique for exploring strongly correlated materials.6,7 From 
an instrumental perspective, dedicated RSXS instruments are considered to be essential in 
synchrotron facilities worldwide [7].  
Nowadays, with the increased scientific interest in compounds containing 3d transition 
metals and 4f rare-earth elements that exhibit magnetism, complex ordering, and high-Tc 
superconductivity, as well as the development of ultrahigh vacuum and machining technologies, 
RSXS instruments have been continually improved. In particular, brighter light sources have 
boosted the application of X-ray techniques even more. After the first light at the Linac Coherent 
Light Source,8,9 X-ray free-electron laser (XFEL) facilities, which generate high-intensity 
femtosecond pulses, were constructed in several locations around the world.10–14 For example, the 
SXR instrument15–18 of LCLS has been successfully used for ultrafast SX experiments as well as 
time-resolved resonant soft X-ray scattering (tr-RSXS) experiments.19–25  
Thus, the Republic of Korea decided to construct an XFEL facility at Pohang Accelerator 
Laboratory and named PAL-XFEL.11,12 It was planned to develop a tr-RSXS system at this facility 
during initial construction.11,26 Thus, here, we present the development and first commissioning 
results of the tr-RSXS system at the soft X-ray scattering and spectroscopy (SSS) beamline26 of 
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PAL-XFEL. Section II briefly introduces the SSS beamline and operational configuration, which 
is in the user operation from 2017. In Section III, we introduce the tr-RSXS instrumentation. In 
Section IV, based on the commissioning results, we evaluate the performance of the tr-RSXS 
system at PAL-XFEL. Finally, in Sections V and VI, we give an outlook and summary. 
II. SSS BEAMLINE AT PAL-XFEL 
The SSS beamline was uniquely designed and developed to cover the SX range (250–1300 
eV) at PAL-XFEL.26 As a first step, the beamline has been utilized for regular user programs since 
2017, mainly X-ray absorption spectroscopy (XAS) and X-ray emission spectroscopy (XES) 
experiments.27,28 In the second stage, in which the capability of the beamline was expanded, the 
RSXS endstation was integrated with the SSS beamline. From 2020, the tr-RSXS system has been 
considered as a general user program at PAL-XFEL. Since the previous commissioning report,26 
which thoroughly described the SSS beamline and optics, here we simply revisit the overall 
beamline configuration and specification and describe some changes.  
To produce SX at PAL-XFEL, an electron beam is accelerated up to 3.15 GeV and travels 
to 35-mm-period planar undulators.29 This generates a free-electron laser beam through self-
amplified spontaneous emission (SASE).9,30 This so-called pink beam has a ~0.5% (FWHM) 
bandwidth around the central Eph.
26 At 850 eV, the pink-beam pulse energy is estimated to be about 
200 μJ per pulse, which corresponds to ~2  1012 photons per pulse. While maintaining the electron 
beam energy at 3.15 GeV, the incident pink beam with Eph between 400 eV and 1300 eV is 
conveniently tunable by changing the size of the undulator gap. Note that such Eph range is 
generally supported at the RSXS endstation. 
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FIG. 1. (a) Schematic of the SSS beamline. From upstream (lower left), the figure shows (1) the accelerated 
electron beam and the planar undulator, (2) the OH-GMD and horizontal offset mirrors in the OH (gray), (3) the pre-
mirror and grating set, (4) the EH-GMD, and (5) the RSXS system (light blue). The optical laser system is shown in 
pink at the lower right. (b) Single shot image on a PM after the offset mirrors in the OH, measured for a 900-eV SASE 
free-electron laser beam. (c) RSXS APD and I0 signals recorded on a high-speed digitizer. 
Figure 1 schematically shows the main components of the SSS beamline. The SASE free-
electron laser beam produced at the undulator travels to the optics hutch [OH, gray area in Fig. 
1(a)]. Four pop-in monitors (PMs) are installed between the components in the OH to destructively 
diagnose the position and shape of the X-ray beam. Each PM has a disk-shaped Ce:YAG (hereafter 
simply YAG) crystal in the vacuum chamber, which is mounted on a vertical motion manipulator. 
The YAG fluorescence image is reflected by a mirror tilted at 45° and projected onto an out-of-
vacuum digital camera (MANTA G-046B, Allied Vision), which is mounted on a glass window 
flange. Each PM can record single-pulse images up to 60 Hz with full image resolution. An 
example of a single-pulse image is shown in Fig. 1(b). A gas monitor detector (GMD),31,32 
upstream in the OH, monitors the incoming XFEL pulse intensities shot-to-shot. A pair of 
horizontal offset mirrors, downstream in the OH, reject the bremsstrahlung background as well as 
higher-order contamination. The second offset mirror has a cylindrical surface and its horizontal 
focal point is the RSXS endstation.  
After passing through the OH, the X-ray beam arrives at the experimental hall (EH). 
Upstream in the EH, there are a pair of planar varied line-spacing gratings (100 lines/mm and 200 
lines/mm) and a cylindrical pre-mirror. There are two beam modes, pink and monochromatic. In 
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pink-beam mode, instead of a grating, a planar reflection mirror is used to ensure the maximum 
flux arrives at the endstations. In monochromatic-beam mode, which is expected to be used for 
most of experiments in the RSXS endstation, the grating fixes Eph and the size of the exit slit 
determines the bandwidth of Eph and the incident photon flux. The gap size is set to maximize the 
photon flux. Note that the size of the vertical beam at the RSXS endstation is also determined by 
the size of the exit slit because there are no focusing optics. Another GMD has recently been 
installed downstream of the exit slit and is being commissioned. This EH-GMD monitors either 
the pink-beam intensity in the EH after rejecting contamination or the monochromatic-beam 
intensity. It can be utilized as an I0 monitor. Both the OH-GMD and EH-GMD use krypton at a 
pressure of 10-6 Torr level as the gas medium. The RSXS system is downstream of the EH-GMD. 
The XAS/XES endstation is in the very downstream part of the SSS beamline.26,27  
III. TR-RSXS INSTRUMENT AT SSS BEAMLINE 
A. Overview  
The RSXS system is in the middle of the SSS beamline and downstream of the EH-GMD, 
as shown in light blue in Fig. 1(a). It has three main chambers in series, going from upstream: the 
front chamber, the laser-in-coupling (LIC) chamber, and the main RSXS chamber. A detailed 
model is shown in Fig. 2(a). Note that these chambers are aligned at the X-ray height, which is 
1417.5 mm above the floor. The front chamber is used for beam diagnostics and Eph calibration 
and has the I0 monitor. The LIC chamber synchronizes the optical paths of the optical laser and X-
ray beams. The main RSXS chamber houses the tr-RSXS experiments.  
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FIG. 2. (a) Model of the RSXS system. Front, LIC, and main chambers from upstream. (b) General setup of 
the front chamber: solid attenuators, I0 MCP, reference foils, and diagnostic PD from upstream. 
1. Front chamber 
This chamber can integrate four components and the configuration can be altered 
depending on the requirements. In general, it has solid attenuators, a microchannel plate (MCP) 
for I0 monitoring, reference foils, and a diagnostic photodiode (PD), as shown in Fig. 2(b). Each 
component is mounted on an XZ manipulator, which can move the component perpendicular to 
the X-ray beam. The solid attenuators reduce the intensity of the incoming X-ray beam. They are 
composed of various combinations of aluminum foil of different thicknesses to cover the broad 
Eph range. The I0 MCP assembly consists of a two-stage MCP with a 4-mm-diameter central hole 
(F2223-21SH, Hamamatsu) with its effective surface facing downstream. The X-rays, which pass 
through the MCP central hole, shine onto a Pt-deposited 200-nm-thick Si3N4 membrane and the 
backscattered intensity is measured by the MCP to normalize the signal.18,26 An Si PIN PD (S3590-
09, Hamamatsu) is used for various diagnostic purposes. A small amount of external bias (up to 
~20 V) can be applied to the PD. The reference foils are 100-nm-thick 3d transition metal foils (Fe, 
Co, Ni, and Cu) with a 100-nm Parylene N support (Lebow Company). By using the MCP as an 
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I0 monitor and the PD as a signal detector, the foils can be used to calibrate Eph of the X-rays via 
transmission XAS. A high-speed digitizer records the signal from the MCP and PD on a shot-to-
shot basis, the details of which are described in Section III.C. 
2. LIC chamber 
This chamber is simply composed of a hole-mirror and a PM. The hole-mirror is a 2-in.-
diameter fused silica disk mirror coated by protected aluminum with a central hole. X-rays can 
pass through the central hole while the optical laser beam is reflected from the surface. The optical 
laser beam is injected at an angle of 90° to the X-ray beam and becomes nearly parallel to it (<1°) 
after being reflected. The hole-mirror has four axes of manipulation. Two horizontal translations, 
parallel and perpendicular to the direction of X-ray propagation, are controlled by out-of-vacuum 
stepping motor stages connected via a bellows welded onto the bottom of the chamber. Vertical 
and horizontal tilting of the mirror mount is controlled by piezo-based linear actuators (N-480, 
Physik Instrumente). By tuning the reflection angle of the optical laser, both ultrashort pump and 
probe pulses can illuminate the same spot of the sample surface in the main chamber. A PM is 
used to position the hole-mirror and to monitor the X-ray beam. 
3. Main RSXS chamber 
This multi-purpose vacuum chamber is a 900-mm-inner-diameter cylindrical stainless-
steel vessel. It has bottom and top flanges, which can be opened to allow the equipment inside the 
chamber to be changed. The following are descriptions of the components inside the chamber. 
a. Six-axis sample manipulator. This manipulator can move over six axes (, , , x, y, and 
z). As shown in Fig. 2(a), the sample manipulator is assembled on the central port of the top flange. 
On the top of the port, there is a 6-in.-inner-diameter differentially pumped rotating flange (DPRF), 
which can be used to rotate the sample horizontally (). There is an XYZ translator on top of the 
DPRF. The scientific sample slot has an in-vacuum motorized tilting mechanism, such that the 
rotation axes are perpendicular ( ) and parallel () to the sample surface. Note that we modified 
a conventional six-axis cryostat manipulator (PreVac), which was manufactured for an angle-
resolved photoemission experiment, and the three rotation axes (θ, , and ) are not fully aligned. 
b. Detector stage. There is another DPRF on the central port of the bottom flange of the 
main chamber, which is used to integrate a detector stage [Fig. 2(a)]. It allows horizontal rotation 
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of the detector (2). The scattering signal is counted with an avalanche photodiode (APD; 
SAR3000x, Laser Components), which is utilized as a point detector. The APD is enclosed in an 
aluminum cage. Its entrance is covered by a 300-nm-thick aluminum filter to block stray light and 
the optical laser. The APD is directly connected to the coupling circuit, which consists of a resistor 
and a capacitor. Its cables extend to electrical feedthroughs for the signal and voltage bias. The 
APD has a 3-mm-diameter active area and the solid angle from the sample can be altered by 
changing the distance to the sample (80–160 mm) or using a smaller hole aperture. Up to three 
APDs can be used, and their configuration is determined by the experimental requirements. The 
APDs are mounted on a vertical goniometer (WT-120, Physik Instrumente) and can be selected 
during an experiment. Moreover, two PDs are mounted together. One is a Si PIN PD for calibrating 
and monitoring the X-ray and optical laser intensities and the other is a fast GaAs PD (G4176, 
Hamamatsu) with a rise time of 30 ps, which is used to measure the coarse temporal overlap 
between the X-ray and optical laser beams.33 Finally, a channel electron multiplier (KBL15RS, 
Sjuts) was installed to measure the fluorescence or electron yield XAS signal of a sample. All 
signal and bias voltage cables are connected to the electrical feedthrough flanges on the bottom of 
the detector stage, and they rotate with the detector stage. A model of the detector stage with a 
sample cryostat is shown in Fig. 3.  
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FIG. 3. Model of detector stage and sample cryostat.  
c. Scientific sample slot and temperature control. The holder for a scientific sample is a 
conventional flag-style sample holder, which can be transferred from the load-lock chamber 
[brown in Fig. 2(a)]. In general use, a sample crystal or film is glued onto an adapter and the 
adapter is attached to the sample holder. The temperature of the sample is controlled by an open-
cycle liquid helium/nitrogen flow and an in-vacuum heater. There is a closeable radiation shield 
around the scientific sample slot, which allows it to be cooled down to ~15 K. The highest 
temperature is 400 K. Note that horizontal and vertical X-ray spot sizes at the sample position are 
about 100 μm and 50–200 μm in FWHM, respectively. The vertical size is determined by the size 
of the exit slit.  
d. Characterizing sample slot. On the bottom of the radiation shield, there is an additional 
sample slot without tilting motion, on which characterizing samples can be mounted. We mounted 
a YAG crystal in this slot to assess the spatial and temporal overlap of the laser and X-ray pulses.  
e. Long-working distance microscope camera. There is a port on the top flange tilted at 40° 
in the upstream direction. A long-working distance microscope (LDM; UWZ-500F, Union Optics) 
with a working distance of 500 mm and a digital camera (MANTA G-046B, Allied Vision) are 
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mounted on this port [Fig. 2(a)]. This LDM camera is used to measure the spatial and temporal 
overlap between the X-ray and optical laser pulses as well as for sample alignment. 
B. Optical laser system 
A 4-mJ Ti:sapphire laser system has been installed in the SSS beamline. It can deliver an 
optical laser beam for the XAS/XES and RSXS endstations.33 The fundamental wavelength of the 
optical laser has a duration of 40 fs. The maximum repetition rate is 60 Hz in typical pump–probe 
experiments while the laser operates at up to 1080 Hz. As described in Section III.A.2, the optical 
laser and X-ray beams are spatially synchronized in the LIC chamber. Currently at the RSXS 
endstation, a fundamental 800-nm-wavelength optical laser beam (1.55 eV) and its harmonics at 
400 nm and 266 nm are available. The optical laser energy is controlled by a motorized attenuator 
consisting of a half-wave plate and two broadband thin-film polarizers (Watt Pilot, Altechna). The 
delay time (Δt) between the X-ray beam and the optical laser is controlled by a mechanical delay 
stage (IMS400LM, Newport). The maximum ±200 mm travel distance enables a delay time of up 
to 2.6 ns. A beam stabilizer system (Compact, MRC Systems) mitigates the pointing jitter on the 
sample, which can arise during delivery of the laser beam. The details of the optical laser system 
and how it is synchronized with PAL-XFEL are described in Kim et al.33 
C. Instrument control and data acquisition 
The PAL-XFEL facility has officially adopted the Experimental Physics and Industrial 
Control System (EPICS)34,35 for the entire control system. EPICS enables convenient remote 
access and control via process variables that are inherently assigned to devices. The SSS beamline 
and RSXS endstation are also mostly controlled by EPICS.  
We have developed Python-based software, named PXC (PAL-XFEL controller), for 
RSXS experiments. The software is compatible with SPEC software (Certified Scientific 
Software), which has been employed globally for X-ray scattering experiments. Control of optical 
laser and X-ray parameters and manipulation of the sample are integrated in PXC and counts from 
detection devices, e.g., I0 MCP, PD, and APD, are recorded for a given number of X-ray pulses at 
each step of an experiment. PXC is continually being updated. 
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The input signals are processed by a four-channel 12-bit high-speed digitizer (ADQ412DC, 
Teledyne SP Devices), which has an input bandwidth of 925 MHz and a sampling rate of 2 × 109 
samples per second. Figure 1(c) displays an example of raw data from the APD and I0 MCP. 
Signals from the OH-GMD and EH-GMD can be simultaneously processed with separate 10-bit 
digitizers (PXIe-5160, National Instrument), which have an input bandwidth of 500 MHz and a 
sampling rate of 1.25 × 109 samples per second.  
During data acquisition, raw data are recorded from all channels and the integrated counts 
of a specific region of interest are also saved for convenience. Since all pulses have a pulse ID and 
timestamp, a shot-to-shot analysis is possible. The data are stored in standard HDF5 format and 
analyzed by software coded in Matlab or Python based on users’ preference.  
IV. TR-RSXS COMMISSIONING RESULTS 
A. X-ray and optical laser cross-correlation 
In an optical laser pump and X-ray probe experiment, two of the most important of the 
experimental parameters are the spatial and temporal overlaps between the two pulses at the sample 
position. As widely used,14,26,36,37 we utilize a YAG crystal to assess both the spatial and temporal 
overlaps. The LDM camera mounted on the main RSXS chamber observes the YAG crystal in the 
characterizing sample slot. Note that the high-intensity pink beam is used to assess the cross-
correlation of the X-ray pump and optical laser probe. 
The spatial overlap is first checked by comparing the spot positions of the X-ray and optical 
laser beams. If necessary, the position of the laser spot is adjusted by tilting stages, either in the 
LIC chamber or the laser system. Since a YAG crystal does not fluoresce when illuminated by an 
800-nm optical laser, we utilize the transmitted intensity after the beam has passed through the 
crystal and is diffusively reflected back from the YAG holder. 
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FIG. 4. Optical laser and X-ray cross-correlation. (a) Difference images of an optical laser spot diffusively 
reflected from the Ce:YAG crystal holder, as observed by the LDM camera. The delay time was -0.13 ps (left), 0 ps 
(middle), and 0.13 ps (right). Eph = 900 eV in pink-beam mode. The wavelength of the optical laser was 800 nm. (b) 
Optical laser transmission as a function of delay time (Δt). The solid line is the error function fit. 
To assess the temporal overlap, the delay time of the optical laser was adjusted by moving 
the mechanical delay stage while the spots overlapped spatially on the YAG crystal. When an X-
ray shines on a YAG crystal and is absorbed, the photoionization and subsequent cascade 
ionization increase the free-carrier density, which results in a rapid change in the optical properties 
of the YAG crystal, and therefore, the transmission of the optical laser through the crystal 
changes.36,38 These changes depend on the difference in the arrival times of the two pulses, i.e., 
optical laser and X-ray cross-correlation, and so we can find the time zero (t0) at the RSXS 
endstation. To obtain clearer images, the optical laser repetition rate was set to twice the X-ray 
repetition rate, i.e., 60 Hz for the optical laser and 30 Hz for the X-rays. The optical laser spots 
after transmission through the YAG crystal were recorded with and without an X-ray pulse. When 
the X-ray arrives after the optical laser (Δt > 0), the fluorescence due to the X-ray pulse is mainly 
visible [Fig. 4(a), right panel]. In contrast, when the X-ray arrives before the optical laser (Δt < 0), 
the optical laser transmission and corresponding diffuse scattering from the holder become weaker, 
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resulting in a decrease in the intensity in the area where the two pulses overlap spatially [Fig. 4(a), 
left panel]. The spatial overlap between two pulses can also be seen in this image.  
Moreover, the optical laser transmission can be recorded directly by the PD inside the main 
chamber [Fig. 4(b)]. The cross-correlation data were fitted by a function [24,38]: 
                                          𝐼 = 𝐼0 +
𝐼1−𝐼0
2
[1 + erf (
∆𝑡−𝑡0
√2𝜏res
)]  (1) 
where erf is the error function, t0 is the center of the error function and the estimated time zero, τres 
is the time resolution, and I0 and I1 are the transmitted intensities before and after the X-ray pump, 
respectively. Using this fitting, we estimated that τres ≈ 110 fs without jitter correction. The cross-
correlation shown here used an 800-nm-wavelength optical laser and a 900-eV X-ray beam. 
B. tr-RSXS demonstration 
As a part of the tr-RSXS commissioning, we employed a high-Tc cuprate superconductor. 
This is one of the most studied materials in condensed matter research, especially by XFEL 
facilities39–41 and using SX scattering.23–25 Thus, we investigated the archetypal Y-based cuprate, 
single-crystal YBa2Cu3O6.73 (YBCO).
42–44 YBa2Cu3O6+x can have a charge-density-wave (CDW) 
order, which shows complex intertwining phenomena with superconductivity.25,40,41,43–45 In this 
context, exploring the CDW order of the high-Tc cuprate would be a good option for tr-RSXS 
commissioning. Note that the YBa2Cu3O6+x system contains an oxygen order (OO) in the charge 
reservoir layer.47 In current doping with x ≈ 0.73, the OO is ortho-III type, resulting in an OO with 
an in-plane wavevector ~1/3.43,44  
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FIG. 5. (a) Experimental geometry of tr-RSXS experiment with YBCO. (b) Map of intensity for θ vs Eph of 
YBCO RSXS at Cu L3-edge at T = 70 K. (c) Map of intensity for θ vs Eph after subtraction of the fluorescence 
background. The CDW and OO peaks are indicated. h profile at (d) 930.5 eV and (e) 933.5 eV. In (d) and (e), the 
peaks are, respectively, fitted by one and two Gaussian curves with a linear slope background. The red and blue curves 
are for the OO and CDW, respectively. 
We first carried out a static RSXS experiment without an optical pump. During this 
experiment, we used the monochromatic-beam mode. The exit slit was 200 μm wide. The incident 
X-rays illuminated an area on the wide sample surface, which was perpendicular to the crystalline 
c-axis. The scattering plane was parallel to the crystalline ac-plane [Fig. 5(a)]. Due to the 2-
dimensional (2D) nature of CDW and OO,43–46 it is possible to explore the h-space by rotating the 
sample through angle θ and the APD detector through angle 2θ. According to previous work on 
YBa2Cu3O6+x, the strength of the CDW order is maximized at the superconducting critical 
temperature (Tc).
40,41,44,45 In this context, we set the sample temperature ~70 K, which is the Tc of 
YBCO.  
Figure 5(b) presents the Cu L3-edge RSXS intensity map of YBCO as a function of incident 
Eph and sample angle θ with 2θ fixed at 156°. The measured θ range (from 32° to 52°) corresponds 
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to l ≈ 1.4 in (h 0 l) reciprocal space, which covers h ≈ –0.31, which is expected for the CDW 
wavevector. We found quasi-2D intensities at Eph ≈ 930.5 eV and θ ≈ 45° (h ≈ –0.31) and at Eph ≈ 
933.5 eV and θ ≈ 42° (h ≈ –0.33), indicating CDW and OO, respectively. Both intensities are 
masked by the strong Cu fluorescence background.43 Thus, we subtracted the fluorescence 
background signal estimated as the average signal for the highest-angle (52°) and lowest-angle 
(32°) regions where there are no ordering features. As shown in Fig. 5(c), the two peaks are clearly 
visible after subtracting the fluorescence background. Figures 5(d) and 5(e) show the h profiles for 
930.5 eV and 933.5 eV, which, respectively, correspond to CDW and OO. Note that 2θ was fixed 
at 166° for this h profile measurement. The peak profile at 930.5 eV also shows the OO tail at h ≈ 
–0.33. Therefore, we fitted the h profile measured at 930.5 eV using two Gaussian curves with a 
linear slope background [Fig. 5(d)]. The blue dashed line near h ≈ –0.31 and the red dashed line 
near h ≈ –0.33 represent the CDW peak and OO tail, respectively. On the other hand, the h profile 
measured at 933.5 eV was fitted by a single Gaussian with a linear slope background. There is 
clearly a strong OO peak at h ≈ –0.33 [Fig. 5(e)]. 
Since we have explored the static features sufficiently, we move to a temporal dynamics 
study of the CDW order. Note that we adopt the same experimental conditions, namely the sample 
temperature (T = 70 K), detector angle (2θ = 166°), and Eph (930.5 eV), in this temporal dynamics 
experiment. For the tr-RSXS experiment with YBCO, the wavelength of the optical pump was set 
to 800 nm (1.55 eV). Δt was controlled by the delay stage after checking the temporal overlap and 
setting t0.  
 
FIG. 6. (a) Delay time scan of the CDW intensity with a fluence of 200 μJ/cm2 at T = 70 K. The data are 
fitted by the convolution of a Gaussian with exponential decay. (b) The red and blue colored h profiles are the CDW 
order with the pump at Δt = 0.2 ps and without the pump, respectively. The black circles are the differences with a 
vertical shift. They are fitted by a single Gaussian curve. 
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FIG. 7. (a)–(e) Delay time scans of the CDW intensity with various optical pump fluences. The data are fitted 
by the convolution of a Gaussian with exponential decay, as described in the text (red solid line). The blue dashed 
lines are base lines from Δt < 0. (f) Fits for amplitude (A) and decay time (τ) using fitting function Eq. (2) are presented 
in the upper and lower panels, respectively. The error bars represent 1 standard deviation. 
As shown in Fig. 6(a), we performed tr-RSXS with a fluence of 200 μJ/cm2 to explore the 
temporal dynamics of the CDW order of YBCO. At Δt ≈ 0.2 ps, the melting behavior of the CDW 
order is clearly shown. To confirm the melting behavior in momentum space, we ran an h profile 
scan on the CDW order at Δt = 0.2 ps and compared it with the CDW order without an optical 
pump. On the one hand, the peak profiles around h ≈ –0.33, with and without the optical pump, 
which corresponds to the OO tail, are similar, implying the OO is robust in this range of pump 
fluence. On the other hand, there is a clear difference around h ≈ –0.31. We also highlight the 
differences between the h profiles with the pump on and off [black circles in Fig. 6(b)], i.e., photo-
induced melted intensity, which is fitted well by a single Gaussian curve at h ≈ –0.31. These results 
indicate that the decrease in the scattering intensity is mainly due to the CDW melting behavior.  
To learn more about the CDW dynamics, we investigated the temporal dynamics with 
various optical pump fluences (30, 60, 100, 200, and 400 μJ/cm2). As shown in Fig. 7, the CDW 
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melting tends to increase with an increase of the fluence. In addition, after melting the CDW order 
within a few hundred fs, the recovery of the CDW intensities tends to be slower as the fluence 
increases. For a better understanding, the temporal intensity change was fitted by a convolution of 
a Gaussian with exponential decay: 
                             𝛥𝐼 = 𝐴∫ 𝑑𝑡′ exp (−
Δ𝑡
𝜏
)
1
𝜎√2𝜋
exp (−
(Δ𝑡−𝑡′)
2
2𝜎2
)
∞
0
 (2)  
where A is the amplitude, τ the decay time, and σ is the width of the Gaussian distribution. With σ 
fixed at 80 fs, we estimated the amplitude and decay time for each fluence, as presented in Fig. 
7(f). On increasing the fluence, the estimated decay time also increases, from ~1 ps (at 30 μJ/cm2) 
to ~7 ps (at 400 μJ/cm2), clearly showing slower recovery. The slower recovery for a higher fluence 
is understood as being due to a laser-induced thermal effect. Although it is too early to draw 
scientific conclusions, these findings may help in understanding the complex intertwining 
phenomena between the CDW order and the superconductivity of YBCO. Moreover, this 
experimental demonstration proves that the newly developed tr-RSXS system at PAL-XFEL is 
working properly. 
V. OUTLOOK  
In addition to the current work, we have several plans to upgrade the endstation and the 
beamline. First of all, we will install PERCIVAL, which is a dedicated CMOS 2D area detector 
for SX. This instrument is under development by an international collaboration of light sources.47 
This detector covers the Eph range of the SSS beamline well and the repetition rate is expected to 
be up to 300 Hz. High-throughput measurements based on shot-to-shot 2D images will be possible. 
Moreover, the background acquisition and wide-angle integration will be easier. PERCIVAL will 
be mounted on the same detector stage as, and is complementary to, the existing APD point 
detector. Due to increasing demands for a longer wavelength pump, e.g., a mid-infrared or THz 
laser,48,49 we are planning to set up a THz generation system for the optical laser system in the near 
future. Moreover, a phase shifter-based delay control scheme that allows longer delay times 
between the pump and probe pulses will be developed soon. Finally, we have proposed installing 
an elliptically polarized undulator in the SSS beamline as an afterburner configuration,50 which 
can provide various polarization options, including circular and vertical linear, in addition to the 
18 
 
current horizontal linear polarization. This would enable polarization-dependent tr-RSXS 
experiments, which may provide useful and accurate data on the complex ordering structure.  
VI. SUMMARY 
A new RSXS endstation has been established at the SSS beamline of PAL-XFEL for 
ultrafast tr-RSXS experiments. This paper describes how the beamline and endstation were set up. 
The configuration of the hardware can be easily changed to suit the experimental requirements. 
The paper presents commissioning results for a high-Tc cuprate superconductor. The RSXS 
endstation is open to the general user community and expected to host significant research into the 
temporal dynamics of strongly correlated systems and magnetic materials. 
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